-dependent facilitation (CDF) of channel opening. This facilitation occurs when local Ca 2ϩ influx through individual channels selectively activates the C-terminal lobe of calmodulin. In neurons, however, such calmodulin-mediated processes have yet to be detected, and CDF of native P-type current has thus far appeared different, arguably triggered by other Ca 2ϩ sensing molecules. Here, in cerebellar Purkinje somata abundant with prototypic P-type channels, we find that the C-terminal lobe of calmodulin does produce CDF, and such facilitation augments Ca 2ϩ entry during stimulation by repetitive action-potential and complex-spike waveforms. Beyond recapitulating key features of recombinant channels, these neurons exhibit an additional modulatory dimension: developmental upregulation of CDF during postnatal week 2. This phenomenon reflects increasing somatic expression of Ca V 2.1 splice variants that manifest CDF and progressive dendritic targeting of variants lacking CDF. Calmodulin-triggered facilitation is thus fundamental to native Ca V 2.1 and rapidly enhanced during early development.
Introduction
Ca V 2.1 Ca 2ϩ channels (P-type) trigger neurotransmitter release (Dunlap et al., 1995) , support neuroarchitectural development (Miyazaki et al., 2004) , and impact molecular expression profiles optimizing presynaptic function (Piedras-Renteria et al., 2004) . Aberrant function of these channels also mediate diseases ranging from Lambert-Eaton syndrome (Flink and Atchison, 2003) to heritable ataxia, epilepsy, and migraine (Ophoff et al., 1996; Zhuchenko et al., 1997) . This paper concerns a potentially rich complement to these roles: Ca V 2.1 regulation by the Ca 2ϩ sensor calmodulin (CaM) (Lee et al., , 2000 DeMaria et al., 2001) . Central to such regulation is the constitutive association of CaM with these channels (DeMaria et al., 2001; Erickson et al., 2001 ), rendering CaM a resident Ca 2ϩ sensor. CaM induces two opposing effects, initially causing Ca 2ϩ -dependent facilitation (CDF) of opening ( ϳ10 ms) and then imparting Ca 2ϩ -dependent inactivation (CDI) ( ϳ100 -500 ms). Remarkably, Ca 2ϩ binding to the C-terminal lobe of CaM selectively triggers CDF, whereas binding to the N-terminal lobe induces CDI (DeMaria et al., 2001 ) (but see Lee et al., 2003) . Additionally, the C-lobe of CaM responds preferentially to local Ca 2ϩ influx through individual channels, whereas the N-lobe detects aggregate Ca 2ϩ activity summed over multiple Ca 2ϩ sources (DeMaria et al., 2001; Soong et al., 2002; Chaudhuri et al., 2004) . Because these discriminating Ca 2ϩ decoding processes alter recombinant currents during repetitive physiological stimuli (DeMaria et al., 2001) , CDF/ CDI may support short-term synaptic plasticity and neurocomputation (Tsodyks and Markram, 1997) .
A critical uncertainty is that the underlying rationale derives from heterologous expression of recombinant Ca V 2.1, and lobespecific CaM regulation of P-type currents has not been detected in any neuron. Furthermore, for P-type currents at the calyx of Held (Borst and Sakmann, 1998; Cuttle et al., 1998; Borst and Sakmann, 1999) , CDF presents differently, being attenuated by the rapid Ca 2ϩ chelator BAPTA (Borst and Sakmann, 1998; Cuttle et al., 1998) . In contrast, for recombinant channels, CDF persists with BAPTA (DeMaria et al., 2001; Soong et al., 2002; Chaudhuri et al., 2004) , reflecting selectivity of CDF for local Ca 2ϩ influx (DeMaria et al., 2001 ). More challenging, perfusion of neuronal calcium sensor-1 (NCS-1) eliminates CDF of calyceal currents (Tsujimoto et al., 2002) , whereas CaM inhibitory peptide is without effect (Sakaba and Neher, 2001 ). Thus, NCS-1, and not CaM, appears to trigger CDF in native currents (Tsujimoto et al., 2002) . The same calyceal currents may exhibit CaM-mediated CDI (Xu and Wu, 2005) , although it can be challenging to distinguish inactivation from Ca 2ϩ depletion in the synaptic cleft (Borst and Sakmann, 1999 ). To what extent, then, does lobe-specific CaM regulation of Ca V 2.1 pertain to the neuronal context?
Here we examined dissociated cerebellar Purkinje neurons for CaM-dependent regulation of their Ca 2ϩ currents. These neurons abound in classic P-type currents (Mintz et al., 1992; McDonough et al., 1997) and can be dissociated for postnatal day 12 (P12) to P13, permitting exploration of developmental questions. We corroborate principal features for CaM regulation of native P-type currents and also encounter neuron-specific dimensions for developmental control of such channel regulation.
Materials and Methods
Materials. All reagents were from Sigma (St. Louis, MO) unless otherwise noted.
Expression of Ca V 2.1 in HEK293 cells. Methods were adapted from previous studies (DeMaria et al., 2001 ). We used a calcium phosphate method to cotransfect plasmids encoding the following: the human (DeMaria et al., 2001) or rat (Bourinet et al., 1999 ) ␣ 1 2.1 pore-forming subunit; ␤ 2a and ␣ 2 ␦ accessory subunits (DeMaria et al., 2001) ; and simian virus 40 T antigen to boost expression. ␤ 2a minimizes voltage inactivation, simplifying examination of Ca 2ϩ -dependent regulation. Human ␣ 1 2.1 was a gift from Dr. Terry Snutch (University of British Columbia, Vancouver, British Columbia, Canada) , and its splice variant content has been engineered to the following (Soong et al., 2002) : ⌬10A (ϩG); 16 ϩ /17 ϩ ; 17 (ϪVEA), Ϫ31*(ϪNP); 37a (EFa) or 37b (EFb); 43 ϩ /44 Ϫ ; ⌬47. Acute dissociation of Purkinje neurons. We adapted published protocols for isolating rat cerebellar Purkinje neurons (Mintz et al., 1992; McDonough et al., 1997) , with valuable suggestions from Dr. Stefan McDonough (Marine Biological Laboratories, Woods Hole, MA). Cerebella from Sprague Dawley rats (5-12 d postnatal) were rapidly removed after decapitation and placed in ice-cold solution containing the following: 82 mM Na 2 SO 4 , 30 mM K 2 SO 4 , 10 mM HEPES, 10 mM glucose, 5 mM MgCl 2 , and 0.001% phenol red, pH 7.4, 305-310 mOsm. Meninges were removed, tissue was cut into 6 -15 pieces per cerebellum, and the resulting pieces were digested with 3 mg/ml Protease XXIII for 6 -8 min at 37°C. Pieces were washed one to two times in Tyrode's solution, supplemented with 1 mg/ml each of bovine serum albumin and trypsin inhibitor. Tyrode's solution contained the following (in mM): 150 NaCl, 4 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, and 10 HEPES, pH 7.4, 305-310 mOsm. After washes, pieces were triturated with a glass pipette, and neurons were incubated in Tyrode's solution at room temperature on coverslips until experimentation. Dissociated Purkinje cells (see Fig. 1 A) from rats Ն5 d old are easily identified by (1) larger size, (2) commonly present large primary dendrite, and (3) large Ca 2ϩ currents with nimodipine and TTX in the bath.
Electrophysiology. For HEK293 cells, whole-cell currents were recorded 2-4 d after transfection. For Purkinje neurons, recordings started 1 h after dissociation. For HEK293 cells, the bath solution contained the following (in mM): 140 tetraethylammonium-MeSO 3 , 10 HEPES, and 5 CaCl 2 or BaCl 2 , pH 7.4 (300 -310 mOsm). For Purkinje neurons, the bath solution was supplemented with 3 M nimodipine and 0.6 M TTX to block inward L-type current and outward Cs ϩ current through Na ϩ channels (McDonough et al., 1997) , and the concentration of CaCl 2 or BaCl 2 was increased to 10 mM (except as noted). For both cell types, the internal pipette solution contained the following (in mM): 135 CsMeSO 3 , 5 CsCl 2 , 0.5 EGTA, 1 MgCl 2 , 4 MgATP, and 10 HEPES, pH 7.4 (290 -300 mOsm). For certain experiments, ϳ300 M recombinant CaM (rCaM) protein (see Figs. 2, 3) or 2 mM GDP␤S (a nonhydrolyzable GDP analog) were added to the internal solution. Holding potentials were generally Ϫ60 mV for neurons and Ϫ90 mV for HEK293 cells. Depolarizing protocols were delivered each 30 s. Additional details appear in the supplemental data (section 2, available at www.jneurosci.org as supplemental material). All patch seals were formed in the Ba 2ϩ external solution, yielding an ϳ10 mV liquid junction potential produced by zeroing pipette current in the bath. For square-pulse voltage protocols, no junction-potential correction was made, so "true" voltages can be obtained by subtracting ϳ10 mV from displayed values. For actionpotential (see Fig. 6 A-C) and complex-spike waveforms (see Fig. 6 D, E) , junction potentials were corrected (e.g., the Ϫ70 mV holding potential for Ba 2ϩ traces in Fig. 6 D is junction-potential adjusted). To account for a ϳ10 mV surface-charge shift between Ca 2ϩ and Ba 2ϩ bath solutions, we offset these waveforms by ϳ10 mV when evoking Ca 2ϩ currents (e.g., the holding potential for Ca 2ϩ currents was Ϫ60 mV after junctionpotential correction in Fig. 6 D) . The Purkinje-cell action-potential and complex-spike waveforms are modified from those kindly provided by Dr. Indira Raman (Northwestern University, Evanston, IL) and Dr. Christian Hansel (Erasmus University, Rotterdam, The Netherlands), respectively. Currents were recorded at room temperature with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA), filtered at 2 kHz, and digitally acquired and stimulated with custom-written data acquisition programs. Signals were analyzed with programs scripted in Matlab (MathWorks, Natick, MA) and Excel (Microsoft, Seattle, WA), including those for quantification of relative facilitation index (RF ) (Chaudhuri et al., 2004) . For single comparisons (see Figs. 4, 6) , we used the t test for statistical analysis. For comparisons across multiple conditions (see Figs. 2, 3 ), we performed an ANOVA using the Fischer's protected least significant difference test (Ott, 1993) .
Purification of recombinant CaMs. cDNAs encoding various CaM molecules were subcloned in pET24b(ϩ) (Novagen, Madison, WI), a bacterial expression plasmid. Five hundred milliliter cultures of BL21(DE3) bacterial cells (Stratagene, La Jolla, CA), transformed with CaM plasmid, were grown at 37°C to OD 600 0.6 and induced with 1 mM isopropyl-␤-Dthiogalactopyranoside for 3 h. Cells were pelleted and lysed in 50 mM Tris-Cl, pH 7.5, 1 mM EDTA, and 0.1 g/ml lysozyme. The cellular suspension was clarified by centrifugation (15,000 ϫ g for 20 min at 4°C). The supernatant was brought to 60% saturation with ammonium sulfate, and contaminant proteins were pelleted by centrifugation (10,000 ϫ g for 20 min at 4°C). To precipitate CaM protein, the supernatant was adjusted to 20 mM glycine at pH 4.1 with 25% sulfuric acid and stirred on ice for 15 min. CaM protein was collected by centrifugation (10,000 ϫ g for 10 min at 4°C), resuspended in 10 ml of 50 mM HEPES, pH 7.5, and passed over a 10 ml column of DEAE resin, equilibrated with 10 mM HEPES, pH 7.5. The resin was washed extensively with equilibration buffer, and the protein content of eluate was monitored at OD 269 . The resin was further washed with the same buffer containing 0.2 M NaCl followed by 0.3 M NaCl until the OD 269 approached background levels. Bound CaM protein was eluted with buffer containing 0.5 M NaCl and subsequently precipitated by the ammonium sulfate and acidification procedure described above. The CaM pellet was resuspended in 50 mM HEPES, pH 7.5, and dialyzed extensively against 20 mM HEPES, pH 7.2. Protein concentration was determined by a BCA assay (Pierce, Rockford, IL) and adjusted to 300 -400 M with 20 mM HEPES, pH 7.2. SDS-PAGE revealed a single band at ϳ18 kDa (Erickson et al., 2001) .
Single-cell reverse transcriptase-PCR. To quantify EF-hand splice distributions in single Purkinje neurons, we modified published methods (Soong et al., 2002; Chaudhuri et al., 2004 ) (see Fig. 4 D) . After dissociation, a single visually identified Purkinje neuron (see Fig. 1 A) was aspirated into a micropipette, which had a tip size approximately two times the neuron diameter and which contained ϳ5 l of internal solution. As a control, one sample contained only bath solution (see Fig. 4 D, No cell) . After aspiration, the micropipette tip was broken off and expulsed, along with the micropipette contents, into thin-walled PCR tubes. The tubes contained 4 l of a reverse-transcriptase (RT) solution composed of 1 l of 5ϫ first strand buffer, 0.5 l of 0.1 M DTT, 0.25 l of 10 mM deoxyNTPs, 0.5 l of either 10 M reverse primer I or 100 M random hexamers (all obtained from Invitrogen, Carlsbad, CA), 0.25 l of RNasin RNase inhibitor (Promega, Madison, WI), 0.25 l of DEPC-treated water (Quality Biological, Gaithersburg, MD), and 1.25 l of 1% IGE-PAL nonionic detergent. Tubes, each containing a single Purkinje neuron or control bath solution, were kept on ice while gathering more neurons. After collection of 20 -30 neurons, the tubes were heated to 70°C for 3 min, cooled to 4°C, and then spun briefly to collect contents. We then added 0.5 l of Superscript reverse transcriptase II (Invitrogen) and incubated the tubes at 45°C for 1 h, 70°C for 15 min, and 95°C for 30 s. As control, we omitted reverse transcriptase from one tube containing a Purkinje neuron (see Fig. 4 D, No RT). Next, we added 0.4 l of RNase H (Invitrogen) to each tube and incubated at 37°C for 30 min before proceeding to PCR steps. To avoid contamination, both the RT reaction (above) and the inner/outer PCRs (below) were performed in a separate laboratory where no previous work with Ca V 2.1 had been performed. For colony PCRs described below, all solutions were prepared under a hood.
We performed hemi-nested PCR (see Fig. 4 D, top). Primers recognized sequences common to both EF-hand splice variants of rat Ca V 2.1 (GenBank accession numbers M64373 for EFa complete cDNA and AF051526 for EFb partial cDNA) and were located on splice-invariant exonic regions flanking exon 37. This procedure allowed us to amplify a pool of cDNA clones representing the cellular distribution of EFa and EFb variants in a relatively unbiased manner. Forward primer I (5Ј-TCCAAAAACCAGAGTGTG-3Ј) corresponds to positions 5183-5200 of the GenBank accession number M64373 sequence. Reverse primer I (5Ј-TTGAAGTGAACGGTGTTG-3Ј) is complementary to this sequence at positions 5517-5534. The nested forward primer II (5Ј-CGCCTATTTTTACTTTGTC-3Ј) corresponds to positions 5211-5229. The reaction mix for the initial outer PCR consisted of the whole volume of the RT reaction, to which was added 2.5 l of 10 M forward primer I, 2.5 l of 10 M reverse primer I, 5 l of 10ϫ PCR buffer, 1 l of 10 mM deoxyNTPs, 3 l of 50 mM MgCl 2 , 2.5 l of dimethylsulfoxide (DMSO), 1 U of Taq polymerase, and sufficient water to produce a final volume to 50 l. All primer and reagents were obtained from Invitrogen, except for the DMSO (Sigma). All PCR mixes were overlaid with mineral oil. For the cycling profile, we denatured at 94°C for 3 min and then performed 20 PCR cycles consisting of denaturation at 94°C for 45 s, annealing at 48°C for 1 min, and extension at 72°C for 45 s. The final extension was at 72°C for 10 min. For the subsequent inner PCR, we added 10 l of the outer PCR product to a reaction mix consisting of 2 l of 10 M forward primer II, 2 l of 10 M reverse primer I, 4 l of 10ϫ PCR buffer, 0.8 l of 10 mM deoxyNTPs, 2.4 l of 50 mM MgCl 2 , 2 l of DMSO, 1 U of Taq polymerase, and sufficient water to produce a final volume of 40 l. The cycling profile for the inner PCR was identical to that for the outer PCR, except that the annealing temperature was raised to 52°C. As positive control, we performed both reactions on EFa-and EFb-containing rat (Bourinet et al., 1999 ) Ca V 2.1 plasmid cDNA (see Fig. 4 D , EFa,EFb) . The expected size of the nested PCR product was 324 bp (see Fig. 4 D, Purkinje). A 5-10 l aliquot from the second PCR was subject to electrophoresis on a 1% agarose gel to identify tubes with successful reactions and to check control reactions (see Fig. 4 D, No cell, No RT). A 4 l aliquot from each successful outer PCR reaction was inserted into the TOPO-TA pCR2.1 vector (Invitrogen) and transformed into TOP10 bacterial cells. After overnight culture, we identified bacterial colonies bearing PCR inserts via blue-white selection and subjected these to both EFa-and EFb-specific colony PCRs (see Fig. 4 D, bottom right, II.EFa, II.EFb). We used forward primer II and either reverse primer II.EFa (5Ј-TATTACTCGCAATAAACTG-3Ј, positions 5412-5430) or reverse primer II.EFb (5Ј-CATGTGTCTCAGCATCTGA-3Ј, positions 717-735 for GenBank accession number AF051526). The reaction mix for these PCRs consisted of 0.2 l of a single overnight bacterial culture, 1 l of 10 M forward primer II, 1 l of 10 M reverse primer II.EFa or II.EFb, 2 l of 10ϫ PCR buffer, 0.4 l of 10 mM deoxyNTPs, 1.2 l of 50 mM MgCl 2 ,1 l of DMSO, 1 U of Taq polymerase, and sufficient water to produce a final volume of 20 l. The cycling profile was set to an initial denaturation of 95°C for 3 min, followed by 10 touchdown cycles consisting of denaturation at 95°C for 45 s, annealing at 60°C for 45 s, and extension at 72°C for 15 s. Next, we performed 25 cycles of PCR consisting of denaturation at 95°C for 45 s, annealing at 52°C (for reverse primer II.EFa) or 55°C (for reverse primer II.EFb) for 1 min, and extension at 72°C for 45 s. The final extension step was at 72°C for 10 min. Products from corresponding EFa-and EFb-specific PCR reactions were subject to electrophoresis on a 1.5% agarose gel (see Fig. 4 D, 220 bp). To tabulate the percentage of EFa transcripts, we tallied only those colonies that were positive for the EFa reaction but negative for the EFb or vice versa. Ambiguous results were discarded. For each cell, we counted 20 -30 positive clones per cell. Accuracy of the exon-specific PCRs was confirmed by directly sequencing several clones. Tabulation of the number of positives for each splice-specific PCR allowed quantification of the EFa/EFb transcript distribution in each cell. Forward primer I and all reverse primers were identical to primers I-IV by Vigues et al. (2002) .
EFa/EFb-specific antibodies. To generate antibodies, we used an EFaspecific peptide DMYSLLRVISPPC (italicized amino acids 1802-1813; Entrez protein NP_037050) or an EFb-specific peptide RGRMPYPD-MYQMLRHC (italicized amino acids 231-243; Entrez protein AAC24516, flanking R/C residues added for ease of antibody generation). A C-terminal cysteine was included in both peptides to enable disulfide coupling. The peptides were made by Mimotopes (Clayton, Victoria, Australia). Antibodies were raised from rabbit at the Institute of Medical and Veterinary Science (Adelaide, Australia) and affinitypurified by Mimotopes.
Immunocytochemistry. Reagents and expertise were generously provided by the laboratories of Dr. David Linden and Dr. David Ginty. Five-day-old, 12-d-old, and adult rats were decapitated, and their brains were removed, quick frozen, and sectioned into 8 or 20 m slices. Slices were fixed in 4% paraformaldehyde for 20 min at 4°C. All incubations were performed at room temperature, unless otherwise noted. For diaminobenzidine (DAB)-stained sections, slices were washed twice in PBS, after which endogenous peroxidase activity was quenched by incubating in methanol with 0.03% H 2 O 2 for 15 min. After two more PBS washes, slices were blocked in PBS containing 3% bovine serum albumin, 0.3% Triton X-100, and 1% normal goat serum (NGS) (Vector Laboratories, Burlingame, CA) for 1.5 h. Slices were then incubated in the primary antibody diluted in the blocking solution (1:40 anti-Ca V 2.1, 1:20 anti-EFa, and 1:40 anti-EFb) overnight at 4°C. Slices were then washed six times in PBS before incubation for 1 h in secondary antibody (biotinylated goat anti-rabbit; Vector Laboratories) diluted at 1:250 in 3% BSA, 0.1% Triton X-100, and 1% NGS in PBS. After four more PBS washes, slices were incubated in the ABC solution (Vector Laboratories) for 30 min and reacted with DAB for ϳ20 min. For immunofluorescence, slices were washed three times in PBS containing 0.5% Triton X-100. Slices were then blocked in 0.5% Triton X-100, 10% NGS in PBS for 1 h, followed by overnight incubation in primary antibody diluted in 0.2% Triton X-100 and 5% NGS. Besides the primary antibodies listed above, slices for immunofluorescence were also incubated with a 1:1000 dilution of mouse anti-calbindin monoclonal antibody. After three more 0.2% Triton X-100 in PBS washes, slices were incubated overnight in the secondary antibodies diluted at 1:1000 in 0.2% Triton X-100 and 5% NGS in PBS. The secondary antibodies were a goat anti-rabbit IgG conjugated with Alexa 488 (green images) and a goat anti-mouse IgG conjugated with Alexa 546 (red images) (Molecular Probes, Eugene, OR). Finally, slices were washed three times in PBS. DAB images were photographed by a color CCD camera. Immunofluorescence imaging was performed by confocal microscopy, and displayed images are merged z stacks. For all P5 and P12 slices (see Fig. 5 A, B), immunostaining was processed in an identical and parallel manner, as was image capture at a given magnification. For adult slices (see Fig. 5C ,D), immunostaining and image capture were performed in an analogous parallel manner for EFa and EFb antibodies.
Results
Native P-type currents exhibit Ca 2؉ -dependent facilitation To test for Ca 2ϩ regulation of native P-type Ca 2ϩ current, we first recorded from cerebellar Purkinje neurons ( Fig. 1 A, left) dissociated from 10-d-old rats. To isolate P-type currents ( Fig. 1 A, right), bath solutions contained 2-3 M nimodipine and 0.6 M tetrodotoxin to ensure respective suppression of currents through L-type Ca 2ϩ and Na ϩ channels (McDonough et al., 1997) . Subsequent addition of a specific blocker of Ca V 2.1 (200 nM agatoxin IVA) all but eliminated currents (Mintz et al., 1992) ( Fig. 1 A, right) (84 Ϯ 3% blockade; n ϭ 4), confirming effective current isolation (supplemental data, sections 1, 2, available at www.jneurosci.org as supplemental material).
Before considering the possible Ca 2ϩ regulation of these native P-type currents, we display the prototypic appearance of (Fig. 1 B) . These profiles provide an essential reference for subsequent comparison with native currents. The rapid CaM regulatory process, CDF, produces an enhancement of current as channels switch from a normal mode of gating to a facilitated one with higher open probability (Lee et al., 2000; DeMaria et al., 2001) . CDF was thus resolved experimentally with Ca 2ϩ as charge carrier, as follows. During an isolated test pulse, the Ca 2ϩ current initially activated rapidly into a normal gating mode that would support a level of current approximated by the dotted line in Figure 1 B (middle left, gray trace). The transition of channels from normal to facilitated modes then manifested as a slow phase of additional Ca 2ϩ current increase ( Fig. 1 B, middle left, arrow, gray trace). However, when accompanied by a voltage prepulse, during which Ca 2ϩ entry already leads channels into the facilitated mode, the ensuing test pulse current lacked the slow activation component and instead opened directly to the facilitated level ( Fig. 1 B, top black trace) . The fraction of channels facilitated by the prepulse was quantified by RF, derived from the integrated difference between test pulse traces obtained Ϯ prepulse (Chaudhuri et al., 2004) (Fig. 1 B, ⌬Q) . The resulting RF relation was bell shaped, fitting with a genuine Ca 2ϩ -dependent process (Peterson et al., 1999) (Fig. 1 B, right, filled circles).
Additional baseline perspective on the CDF process comes from substituting Ba 2ϩ for Ca 2ϩ as charge carrier. In this configuration, channels should not facilitate, because Ba 2ϩ binds very weakly to CaM (Chao et al., 1984) . Accordingly, Ba 2ϩ currents evoked by isolated test pulses showed only the rapid activation into the normal mode ( Fig. 1 B, (DeMaria et al., 2001; Chaudhuri et al., 2004) .
Given this framework, we could immediately identify a related form of CDF in native P-type currents of cerebellar Purkinje neurons (Fig. 1C) . The magnitude of CDF for an exemplar neuron (left) was similar to that for recombinant currents in Figure 1 B, and population averages (right) demonstrated RF profiles comparable with those in heterologous studies (in HEK293 cells, average g ϭ ϳ0.21-0.27) (DeMaria et al., 2001; Soong et al., 2002; Chaudhuri et al., 2004) . This neuronal CDF was consistently resolved and could be readily observed over a wide range of holding potentials and prepulse protocol waveforms (supplemental data, section 2, available at www.jneurosci.org as supplemental material). A second point of similarity was the selectivity of neuronal CDF for local Ca 2ϩ influx (Soong et al., 2002; Chaudhuri et al., 2004) . In particular, a plot of CDF strength ( g ) against peak current density revealed no interdependence (Fig. 1 D) (r 2 ϭ 0.3; n ϭ 14), suggesting that enhanced global Ca 2ϩ elevation (approximately proportional to current density) contributes little to CDF (Soong et al., 2002) . The large value of the extrapolated zero-current intercept, predictive of the CDF produced by an individual channel (Soong et al., 2002) , also favors the adequacy of local Ca 2ϩ influx to drive this regulatory process. Moreover, neuronal CDF was unchanged (Fig. 1 E) when (bottom) currents. In the absence of a prepulse (gray traces), Ca 2ϩ but not Ba 2ϩ currents show a slow phase of activation (arrow) from normal (dotted line) to facilitated modes. After receiving a prepulse (black traces), Ca 2ϩ currents show activation directly into the facilitated mode. Ba 2ϩ currents show rapid activation into the normal mode regardless of the presence of a prepulse (bottom). Quantification of the charge difference between normalized test pulses (⌬Q) allows calculation of RF by a prepulse to a particular voltage (DeMaria et al., 2001; Chaudhuri et al., 2004) . Right, RF plotted against prepulse voltage, for the exemplar cell at left. To index pure CDF, we calculate the difference in RF values between Ca 2ϩ and Ba 2ϩ after a 20 mV prepulse ( g ), the value of which is displayed below traces for each exemplar cell (left, bottom). C, CDF in P-type currents of Purkinje neurons isolated from 10-d-old rats. Format as in B, except holding potential was Ϫ60 mV. Right, Averaged facilitation data from n ϭ 8 neurons. Plots and numeric values display average Ϯ SEM, here and henceforth. D, A plot of CDF strength g against peak current density J, which reflects the magnitude of global Ca 2ϩ influx, reveals no relationship (r ϭ ϳ0. substituting 10 mM BAPTA for the 0.5 mM EGTA usually used in the intracellular solution. Because this BAPTA would restrict Ca 2ϩ elevations to nanodomains around individual channels (Augustine et al., 2003) , the strong persistence of CDF argues that its activation depends little on global Ca 2ϩ inflow. Finally, to exclude explicitly an appreciable component of G-proteinmediated facilitation, we verified that 25 min internal perfusion of 2 mM GDP␤S entirely spared the observed neuronal CDF ( g ϭ 0.22 Ϯ 0.03; n ϭ 5) (Ikeda, 1992; Mintz and Bean, 1993; Kanemasa et al., 1995) . In summary, the profile of CDF in neuronal P-type currents was quite similar to that of their well characterized recombinant analogs.
In contrast, CDI of P-type currents in Purkinje neurons was highly variable. In some neurons, currents decayed sharply faster with Ca 2ϩ versus Ba 2ϩ ( Fig. 1 F, left) , indicating strong CDI matching that of recombinant channels (DeMaria et al., 2001; Soong et al., 2002; Chaudhuri et al., 2004) . In other cells, however, there was little CDI (Fig. 1 F, right) . Such contrasts might have been anticipated on two grounds. First, given the sensitivity of recombinant Ca V 2.1 CDI to Ca 2ϩ buffering (Soong et al., 2002; Liang et al., 2003) , along with potential variability in the strong intrinsic buffering of these neurons (Fierro and Llano, 1996) , one could have predicted such variability in CDI. Second, the prevalence of both ␤ 2 and ␤ 4 auxiliary subunits in cerebellar Purkinje somata might also have produced inconstant CDI; as such, inactivation appears weaker in recombinant Ca 2ϩ channels incorporating ␤ 4 versus ␤ 2 subunits (DeMaria et al., 2001; Stotz et al., 2004) . Variable cell-to-cell enhancement of ␤ 4 versus ␤ 2 subunits could thus induce dispersion of CDI strength. Importantly, however, the strong CDF we observed (Fig. 1C) would be unperturbed by intrinsic Ca 2ϩ buffering, because CDF was unaffected even by 10 mM BAPTA (Fig.  1 E) . Additionally, recombinant P-type channels incorporating ␤ 4 subunits still manifest strong CDF (data not shown). Consequently, our subsequent experiments focused on the CDF process, whose expression was understandably consistent in the Purkinje neuron context.
Calmodulin triggers neuronal Ca
2؉ -dependent facilitation Despite close similarities in the electrophysiological profile of CDF in Purkinje neurons and heterologous systems, there remained fundamental uncertainties about the underlying Ca 2ϩ sensor, because multiple molecules have been proposed for this role (Lee et al., 2000 (Lee et al., , 2002 DeMaria et al., 2001; Tsujimoto et al., 2002 ). Here, we tested whether CaM acts as a resident Ca 2ϩ sensor to produce CDF in Purkinje neurons.
In heterologous expression experiments, CaM interacts constitutively with recombinant channels (Erickson et al., 2001) , so that an excess of Ca 2ϩ -insensitive mutant CaM usurps channel interaction sites to eliminate CDF in a dominant-negative manner (DeMaria et al., 2001) . As well, consistent with preferential triggering by the C-terminal lobe of CaM, CDF is eliminated by mutant CaM molecules lacking Ca 2ϩ binding in their C-lobe but spared by mutant molecules with corresponding N-lobe mutations (DeMaria et al., 2001 ). This pattern could provide a distinctive signature for an analogous involvement of CaM in native P-type currents. However, the challenge of culturing postnatal Purkinje neurons made it difficult to deliver mutant CaM molecules by plasmid transfection or viral transduction (DeMaria et al., 2001; Alseikhan et al., 2002; Lee et al., 2003) , so we acutely introduced recombinant CaM proteins via patch pipette. If exchange of recombinant CaMs were sufficiently rapid (minutes), then the telltale pattern of CaM lobe-specific elimination of CDF should develop during individual recordings. We first performed proof-of-principle experiments on recombinant Ca V 2.1 expressed in HEK293 cells (Fig. 2) . For reference, we monitored the time course of CDF when no recombinant CaM was included in the pipette (Fig. 2 A) . Test voltage pulses (5 mV) were delivered at 30 s intervals, and alternate test pulses were accompanied by a 20 mV prepulse. This stimulus pattern permitted calculation of facilitation (RF ) at 1 min intervals, and such measurements were averaged into 5 min bins (Fig. 2 F, open triangle) . In the absence of exogenous CaM, RF exhibited some baseline decline over 30 min (Fig. 2 A, F ) . In contrast, during loading mutant CaM with all four Ca 2ϩ -binding sites abolished (rCaM 1234 ), RF declined by Ͼ50% of its initial value ( p Ͻ 0.05 compared with no rCaM) (Fig. 2 B, F ) . For reference, the dashed line indicates the level of facilitation seen with Ba 2ϩ (Fig. 2 F) . Reassuringly, a mutant CaM with Ca 2ϩ -binding mutations restricted to its C-lobe (rCaM 34 ) produced an identical decline in RF ( p Ͻ 0.05) (Fig. 2C,F ) . Finally, both wild-type CaM (rCaM WT ) and the N-lobe CaM mutant (rCaM 12 ) produced only baseline decline (Fig. 2 D, F ) . These results showed that pipette perfusion of rCaMs essentially reproduced previously observed effects using cDNA expression of CaMs (DeMaria et al., 2001) .
With this approach in hand, we tested for the role of CaM in neuronal P-type currents (Fig. 3) . Absent CaM in the pipette, neuronal CDF maintained a constant baseline (Fig. 3 A, F ) . Inclusion of rCaM 1234 or rCaM 34 produced a markedly different profile, in which RF was on average halved over the same period ( p Ͻ 0.05) (Fig. 3F ) . Additionally, even in cells in which the initial CDF was large compared with the mean (Fig. 3 B, C) , RF was nonetheless strongly suppressed by these CaM molecules. Finally, the effects of rCaM 1234 and rCaM 34 were especially notable, because a variety of manipulations detailed previously (e.g., GDP␤S or BAPTA) had no discernible effect on CDF. All of these results argued that Ca 2ϩ binding to the C-lobe of CaM is indeed necessary for neuronal CDF. Another class of effects was produced by rCaM WT and rCaM 12 , both of which markedly enhanced CDF ( p Ͻ 0.05) (Fig. 3F ) , even in cells in which the initial CDF was moderate (Fig. 3 D, E) . These effects not only suggest that Ca 2ϩ binding to the C-lobe of CaM is sufficient for neuronal CDF but raise the possibility that neurons maintain a modulated "set point" for the strength of CDF, as determined by the interaction between CaM and a CDF inhibitory molecule (see Discussion). On average, the initial RF values were not significantly different across all conditions, averaging to 0.22 Ϯ 0.01 over 31 neurons.
Developmental onset of neuronal Ca
2؉ -dependent facilitation Given the characteristic CDF of the Purkinje neurons studied thus far (from 10-d-old rats), we were initially surprised that CDF was nearly absent in neurons from younger 6-d-old rats (Fig.  4 A) . On additional investigation, it became apparent that there was an unmistakable activation of CDF over the course of early development (Fig. 4 A-C) . In particular, the large majority of 10 -12 d neurons exhibited robust CDF (Figs. 1C, 4B) , whereas most 5-6 d neurons showed little CDF (Fig. 4 A) . Between these extremes was a graded increase in CDF (Fig. 4C ).
An attractive hypothesis for the developmental switching of CDF derives from the recent finding that alternative splicing of the main ␣ 1 2.1 pore-forming subunit of Ca V 2.1 can act as a molecular on/off switch for CaM-mediated CDF. In particular, mu- switches "off" CDF (Chaudhuri et al., 2004) . Furthermore, studies at the transcript level hint at strong spatial and developmental regulation across the brain (Vigues et al., 2002; Chaudhuri et al., 2004) . Finally, EFa transcripts may also be upregulated postnatally in the cerebellum (Vigues et al., 2002) .
To directly gauge the prevalence of EFa and EFb transcripts in the relevant locus, we performed RT-PCR on individual cerebellar Purkinje neurons (Fig. 1 A) . The reverse transcriptase product from individual neurons was PCR amplified with nested primers flanking the entire EFhand region (Fig. 4 D, top) , and the product (bottom left, 324 bp) was cloned in bacteria. Twenty to 30 bacterial colonies (derived from a single neuron) were then PCR amplified with splice-specific primers (bottom right, 220 bp), enabling determination of the ratio of EFa to EFb transcripts in individual neurons (Fig. 4 E) (Welling et al., 1997; Regan et al., 2000; Splawski et al., 2004; Fan et al., 2005) . Whereas EFa and EFb were equivalent at 5 d, EFa predominated by 12 d. Although the relative increase of EFa transcript was less pronounced than the age-dependent elevation of CDF (Fig. 4C) , the observed change in EFa/EFb transcriptional profile was nonetheless consistent with the developmental enhancement of CDF (Fig. 4C) , especially considering precedents for some dissonance between bulk transcript and protein expression levels (Gebauer and Hentze, 2004) . A substantial increase in the ratio of EFa/EFb transcripts was also suggested by previous in situ hybridization detection of mRNA, performed on cerebellar slices (Vigues et al., 2002) .
More informative was assessment of EFa and EFb channel protein levels. We labeled cerebellar slices with antibodies specific for EFa or EFb variants of Ca V 2.1 (Fig. 5 ) (supplemental data, section 3, available at www.jneurosci.org as supplemental material), because isolating and immunoblotting small samples of Purkinje neurons was beyond the sensitivity threshold of our antibodies. Staining with EFa antibody corroborated a developmental increase of EFa channels within Purkinje neuron bodies (Fig. 5A) . At day 5 (left column), EFa staining showed a modest and essentially even distribution throughout all layers, with unexceptional expression in Purkinje somata (Fig.  5Ab, arrows) . Of note, no dendritic staining of Purkinje cells is expected because neurons at this age lack dendrites and feature only an apical swelling (Altman and Bayer, 1997) . Also important was that localization of EFa staining to Purkinje somata was confirmed by overlapping immunofluorescence from EFa channels (green) and calbindin (red), a Purkinje-cell marker (Fig. 5Ac,Ad,  arrows) . In contrast, at day 12 (Fig. 5A, right column) , EFa channels in Purkinje cell bodies represented a dominant locus of this variant throughout the cerebellum. This expression profile was already apparent in lower-power views, in which the Purkinje cell layer (PCL) featured a string of darkly stained bodies (Fig. 5Af , black arrowheads), whereas there was minimal signal in the molecular layer (ML) containing the primary dendrites of Purkinje neurons (Fig. 5Ae ,Af, white arrowheads). Higher-power views at day 12 confirmed the overall restriction of strong EFa staining to Purkinje somata (Fig. 5Ag ,Ah,Ai, arrows), and this trend was further established by the selective profile of EFa staining in adult slices (Fig. 5C) .
Experiments with the EFb antibody (Fig. 5B ) revealed a different pattern of developmental regulation. In contrast to EFa, the pattern of EFb staining already showed enrichment in Pur- Figure 1C ; only Ca 2ϩ current exemplar traces are shown. B, Strong CDF in neurons from 11-d-old rats. Format as in A. C, Graded increase in neuronal CDF between postnatal days 7 and 11, shown by average CDF strength (average gϮ SEM) plotted against neonatal age. Parentheses enclose number of neurons contributing to each time point average. Fit by eye. D, Protocol for determining the distribution of EF-hand splice variation in Ca V 2.1 transcripts from single Purkinje neurons. Top, RT-PCR schematic. Gray and black rectangles represent alternatively spliced segments of the Ca V 2.1 transcript that, respectively, encompass EFa and EFb coding regions. White rectangles signify flanking segments of the Ca V 2.1 mRNA transcript invariant to alternative splicing. RT product of single neurons was subject to nested PCR using two sets of flanking primers: forward primer I/reverse primer I and then forward primer II/reverse primer I. EFa-specific transcripts were detected by PCR using forward primer II/reverse primer II.EFa. EFb-specific transcripts were detected by PCR using forward primer II/reverse primer II.EFb. Bottom left, Nested PCR products. When applied to RT product of a single Purkinje neuron (Purkinje), nested PCR produces the anticipated 324 bp band representing the amplicon pool of all EF-hand splice variants from that neuron. Unused primer band also present below. Ladder, Extreme left lane. Negative controls, Nested PCR after mock RT procedures, performed without a Purkinje neuron (No cell) or without reverse transcriptase (No RT). These show only a band of unused primers. Positive controls, RT-PCR performed on EFaor EFb-containing rat Ca V 2.1 cDNA plasmids (Bourinet et al., 1999 ) also show the anticipated 324 bp band. Bottom right, EFa/bspecific PCR performed on five individual bacterial clones derived from nested PCR amplicon of a single neuron. Top gel, EFaspecific PCR, demonstrating that three of five clones correspond to EFa variant, as evidenced by anticipated 220 bp band. Bottom gel, EFb-specific PCR, demonstrating that one of five clones corresponds to EFb variant, as shown by presence of expected 220 bp band. Because top and bottom gels had identical lane assignments for clones, it could be deduced that one of five clones showed no amplification product with either EFa-or EFb-specific primers; this clone was deemed "indeterminate" and discarded from calculations of the percentage of EFa clones from a single neuron. E, Average Ϯ SEM percentage of clones possessing the EFa splice variant in Purkinje neurons isolated from 5-versus 12-d-old rats, indicating age-dependent enhancement in the EFa/EFb transcript ratio ( p Ͻ 0.05). Averages accumulated from six neurons for each age, and 20 -30 determinate clones amassed for each neuron to calculate percentage of EFa transcript in a neuron. Figure 5 . Developmental changes in the expression of EFa and EFb channels. A, Cerebellar slices stained for EFa channels. Left column, Five-day-old rats; right column, 12-d-old rats. Cerebellar layers at these stages, from pial surface inward, are the external granular layer (EGL), ML, PCL, and internal granular layer (IGL). a, b, e, f, g, Slices stained with DAB. c, d, h, i , Paired high-power immunofluorescence images colocalizing channel-specific signal (green) with calbindin signal (red). At day 5, EFa staining is fairly homogenous throughout the cerebellum (a, b) . At day 12, there is strong EFa staining in Purkinje cells, visible at high power within individual cells (g, arrows) and at low power as a thin dark line lining the cerebellar (Figure legend continues.) kinje somata at day 5 (left column). Lower-power views exhibited dark punctate staining within the PCL (Fig. 5Ba) , and higher-power views confirmed that such staining was localized to Purkinje somata (Fig. 5Bb ,Bc,Bd, arrows). At day 12 (right column), EFb staining appeared essentially unchanged in Purkinje cell bodies, because lower-power views confirmed maintenance of a track of dark bodies in the PCL (Fig. 5Bf, black arrowhead) and higher-power images identified these bodies as Purkinje somata (Fig. 5Bb ,Bc,Bd, arrows). Adult slices corroborated the continued enrichment of EFb signal in Purkinje somata (Fig. 5D, PCL) . These results (Fig. 5 B, D) , coupled with the growing expression of EFa in the same locus (Figs. 5 A, C) , are consistent with the developmental activation of CDF in Purkinje neuron bodies (Fig. 4C) .
Beyond the shift in somatic EFa/EFb prevalence, EFb staining at day 12 revealed another notable feature: strong EFb intensification in the ML, readily appreciated in lower-power images as a string of punctate signals in this layer (Fig. 5Be ,Bf, white arrowheads). Along with the signals of Purkinje bodies, the ML intensifications gave rise to a railroad-track-like pattern in lower-power images (Fig. 5Bf , white and black arrowheads). Higher-power views established that the intense, molecular layer signals likely arise from a dominance of EFb channels in Purkinje dendrites, because the signal-enhanced structures, in multiple instances, could be traced back to Purkinje bodies (Fig. 5Bg ,Bh,Bi, white arrowhead) and colocalized with calbindin as well (Fig. 5Bh,Bi) . By adulthood, the enhancement of EFb staining in Purkinje neuron dendritic structures was yet further established (Fig. 5D , white arrowheads). In keeping with a predominance of EFb channels within these dendritic structures, it is interesting that postsynaptic P-type currents in the brainstem reportedly lack CDF (Inchauspe et al., 2004) .
Physiological impact of Ca
2؉ -dependent facilitation This developmental perspective underscored a key remaining question: whether the presence of CDF would detectably alter Ca 2ϩ entry during physiological stimuli. Thus far, we had only used rectangular depolarizations for characterization of CDF, so as to optimize its biophysical resolution. We therefore gauged the impact of CDF during characteristic physiological stimulus patterns: trains of simple action potentials typical during parallel fiber input, and complex spikes generated by the extensive climbing-fiber synapse (Bell and Grimm, 1969) . Simple and complex-spike waveforms were modified from those provided by Dr. Indira Raman and Dr. Christian Hansel, respectively.
In fact, voltage-clamped action-potential trains unmasked a frequency-dependent enhancement of Ca 2ϩ currents observed when CDF was present. In neurons with weak CDF ( g Ͻ 0.15) (see Fig. 7D ), stimulation at either a basal frequency (Bell and Grimm, 1969) of 40 Hz (data not shown) or at a burst frequency (Bell and Grimm, 1969) of 100 Hz (Fig. 6 A) produced no enhancement of P-type current. Similarly, in neurons displaying obvious CDF ( g Ͼ 0.15), 40 Hz stimulation also produced no increase of Ca 2ϩ or Ba 2ϩ responses (Fig. 6 B) . However, 100 Hz stimulation of these same neurons produced clear facilitation of Ca 2ϩ over Ba 2ϩ currents (Fig. 6C) , and such facilitation could contribute to short-term synaptic potentiation between Purkinje and deep cerebellar neurons (Tsodyks and Markram, 1997; Pedroarena and Schwarz, 2003) .
Stronger effects of CDF were observed when stimulating with complex-spike waveforms (Fig. 6 D, top) . For neurons with weak CDF ( g Ͻ 0.15), normalized Ca 2ϩ and Ba 2ϩ currents were essentially identical (Fig. 6 D, middle) . The lack of difference between these traces (Fig. 6 D, bottom) explicitly documented the absence of CDF effects in population data. In contrast, for neurons possessing strong CDF ( g Ͼ 0.15), Ca 2ϩ currents were clearly augmented after the initial peak (Fig. 6 E, middle) compared with corresponding Ba 2ϩ currents. The difference trace (Fig. 6 E, bottom) shows that CDF produced several-fold enhancement of Ca 2ϩ influx in the latter phase of the complex waveform and an overall ϳ20% excess in Ca 2ϩ charge entry. This enhanced influx reflects the ongoing effects of channel facilitation after the first spike of Ca 2ϩ current. Given the supralinear relationship between free intracellular Ca 2ϩ concentration and Ca 2ϩ current in these neurons (Maeda et al., 1999) , the enduring enhancement of Ca 2ϩ influx by CDF (Fig. 6 E) seems poised to amplify responses requiring global and/or prolonged Ca 2ϩ elevations.
Discussion
P-type Ca 2ϩ currents of cerebellar Purkinje neurons exhibit Ca 2ϩ -dependent facilitation, recapitulating discriminating mechanisms previously resolved only in heterologous systems. Ca V 2.1 seems constitutively associated with CaM; the CaM C-lobe selectively triggers CDF, responding to local Ca 2ϩ influx, and Ca V 2.1 EFa/EFb splice variation acts as a molecular switch for CDF. Our experiments also reveal new aspects of regulation in Figure 7 . Higher-order neuronal regulation of CDF. A, State diagram depicting hypothetical interaction scheme for set point control of neuronal CDF. Diagrams are C-terminal regions of Ca V 2.1 important for CaM-mediated CDF, including EF-hand segment (Chaudhuri et al., 2004) as labeled. Only channels associated with resident CaM (state 2) can facilitate by Ca 2ϩ /CaMdriven transition into the facilitated conformation (state 1). If channels lack a resident CaM 4 (state 3) or are associated with a CaM-like inhibitory molecule (state 4), they cannot facilitate (reach state 1). The intermediate set point level of CDF normally encountered in pristine neurons reflects partitioning of channels among facilitatable (state 2) and nonfacilitatable conformations (states 3 and/or 4). Perfusion of rCaM 34 or rCaM 1234 drives channels into nonfacilitatable state 4, in which these recombinant CaMs serve as inhibitory molecules. In contrast, perfusion of rCaM WT or rCaM 12 drives channels into state 2, thereby boosting CDF. B, Alternative splicing of the EF-hand locus creates facilitating (EFa) and nonfacilitating (EFb) pools of channels, producing the two-peaked distribution of CDF strengths. In isolation, the dynamic range (DR) of CDF strength for each variant is expected to be narrow (Chaudhuri et al., 2004) . C, A set point mechanism, perhaps involving an inhibitory molecule (see A), extends the modulation produced in B. The set point process would widen the dynamic range of CDF when present. This mechanism should then leave the EFb distribution unchanged but broaden and shift leftward the initial EFa peak in A. Thus, CDF of EFa channels is modulated downward to a set point level. D, Experimental distributions formed by pooling CDF values from neurons of all ages (Fig. 4C) actually comprise two clear peaks (bars), as predicted by the sum (solid curve) of distributions in B. A cutoff g value of 0.15 (vertical dashed line) discriminated well between these two presumed populations.
the neuronal setting: a potential set point control of CDF and spatio-developmental activation by adjusting levels of EFa/EFb channels. Finally, CDF appears to augment Ca 2ϩ entry during physiological stimuli in Purkinje neurons. We explore the implications of these findings in the subsequent sections.
Basic mechanisms of CDF
The mechanisms underlying Ca V 2.1 CDF have appeared complex, partly because of contrasting results between recombinant channels (DeMaria et al., 2001; Soong et al., 2002; Chaudhuri et al., 2004) and native currents at the calyx of Held (Borst and Sakmann, 1998; Cuttle et al., 1998) . Despite the kinetic similarity of CDF observed in all systems to date, the effects of intracellular Ca 2ϩ buffering have diverged. Unlike the elimination of calyceal CDF with elevated buffering (Borst and Sakmann, 1998; , the CDF of recombinant Ca V 2.1 channels remain unchanged even with 10 mM BAPTA, indicating preferential activation by local Ca 2ϩ (Soong et al., 2002; Chaudhuri et al., 2004) . Moreover, the identity of the Ca 2ϩ sensor for CDF has defied simple unification. NCS-1 has been proposed as Ca 2ϩ sensor for calyceal CDF (Sakaba and Neher, 2001; Tsujimoto et al., 2002) , whereas CaM is likely to be the sensor for CDF of recombinant Ca V 2.1 channels (Lee et al., , 2003 DeMaria et al., 2001 ). These incongruencies may reflect distinct CDF mechanisms, because even NCS-1 effects appear variable in different neuronal types (Weiss and Burgoyne, 2001; Sippy et al., 2003) . Given this diversity of CDF, the agreement of Purkinje neuron CDF with that of recombinant Ca V 2.1 channels provides important evidence that the CaM-based regulatory mechanisms described for heterologous studies will pertain to certain neuronal contexts.
Higher-order regulation of CDF in neurons
Beyond basic mechanism, the existence of higher-order regulation of neuronal CDF raises new and intriguing possibilities. A first extra dimension of regulation concerns the result that CDF manifests at a submaximal level, which can be enhanced by perfusion of excess rCaM WT (Fig. 3F ). This incomplete penetrance can be explained by a hypothetical scheme (Fig. 7A ) based on competition among wild-type and mutant CaM molecules in recombinant channels (DeMaria et al., 2001; Lee et al., 2003; Chaudhuri et al., 2004) . In this view, channels adorned by a resident CaM (or rCaM 12 ) (state 2) are capable of facilitation during Ca 2ϩ binding to the C-terminal lobe of CaM (state 1). In contrast, those lacking an onboard CaM (state 3), or populated with an "inhibitory CaM" that mimics the action of rCaM 34 or rCaM 1234 (state 4), are considered nonfacilitatable (Liang et al., 2003) (states 3 and 4). Thus, if endogenous CaM were in short supply (thereby enriching state 3) or if there were a natural inhibitory CaM analog in neurons (populating state 4), perfusion of rCaM WT (or rCaM 12 ) would increase the prevalence of facilitatable channels (state 2), thereby adjusting upwards the extent of CDF. Given that local endogenous CaM concentration near Ca 2ϩ channels is probably enriched (Mori et al., 2004) , CaM competition with a natural inhibitor seems the more likely scenario. Adjusting the ratio between levels of endogenous CaM and the naturally occurring inhibitor would thus permit a mechanism of set point control of CDF.
Two CaM-like proteins, Ca 2ϩ -binding protein-1 (CaBP1) and NCS-1, are prevalent in cerebellar Purkinje cells (Lee et al., 2002; Jinno et al., 2003) and could represent such inhibitors. In heterologous experiments, CaBP1 reportedly inhibits CDF of Ca V 2.1 channels (Lee et al., 2002) . However, CaBP1 was also found to accelerate voltage-dependent inactivation of channels, a feature not apparent in neurons (Fig. 1 D) . It is also relevant that NCS-1 lacks Ca 2ϩ binding at one of its EF hands in the N-lobe but possesses high-affinity interaction at its other three sites, sufficient to allow appreciable Ca 2ϩ binding under basal conditions (Hilfiker, 2003) . Therefore, it is conceivable that NCS-1 is an analog of rCaM 12 to which Ca 2ϩ is already bound at baseline. In the system in Figure 7A , such molecules would trap channels in the facilitated state (state 1), resulting in a tonic enhancement of current with elimination of activity-dependent CDF, just as observed with NCS-1 perfusion in the calyx of Held (Tsujimoto et al., 2002) . In this context, however, adding recombinant CaMs should decrease overall current amplitudes, an effect not observed in Purkinje neurons (data not shown). In all, we favor the possibility that yet another CaM-like inhibitory molecule maintains a set point for CDF in Purkinje cells, especially because coexpression of either CaBP1 or NCS-1 with recombinant Ca V 2.1 channels in HEK293 cells did not detectably alter facilitation (supplemental data, section 4, available at www.jneurosci.org as supplemental material).
A second higher-order dimension is the developmental activation of CDF by an increase in EFa versus EFb channel splice variants in Purkinje neurons. Previous studies have hinted at an age-related change in corresponding mRNA transcripts (Vigues et al., 2002) , although the functional consequences remained unclear. Here, we detect a developmental increase in EFa/EFb transcripts at the level of isolated Purkinje neurons (Fig. 4 D, E) . Additionally, we use EFa/EFb-specific antibodies (Fig. 5) to resolve an increase of EFa channel proteins in Purkinje somata (Fig. 5) , consistent with the functional switching of CDF (Fig. 4 A-C) . In addition, the age-regulated distribution of EFa/EFb splice variants between somatic and dendritic structures (Fig. 5 ) raises the possibility of subcellular gradients of CDF and motivates a search for the mechanisms underlying precision targeting of splice variants (Maximov et al., 1999; Zamponi, 2003; Hu et al., 2005) .
The interplay of set point control and EFa/EFb splice variation produces the actual profile of CDF observed in neurons. Absent set point control (Fig. 7B) , a histogram of CDF strengths ( g ) accumulated over many cells would form two narrow peaks whose amplitudes correspond to EFa and EFb channel levels (Fig.  7B) , much as observed during expression of recombinant Ca V 2.1 channels in HEK293 cells. Adding set point modulation would spare the EFb peak but broaden the dynamic range of the EFa component (Fig. 7C ) because of variable CDF penetrance of EFa channels. The sum of the two resultant elements then represents the overall distribution of CDF strengths determined experimentally (Fig. 7D) .
Potential neurobiological consequences of CDF
The higher-order regulation of neuronal CDF suggests that this Ca 2ϩ feedback modulation may be critical to neuronal circuits, like those in cerebellar microcomplexes (Ito, 2002) . Although the impact of CDF on neurobiology remains to be established, it is worth elaborating the possibilities as a framework for future work. First, during a complex spike produced by climbing-fiber input, CDF of somatic EFa channels could amplify and prolong Ca 2ϩ entry (Fig. 6 E) , thereby enhancing the pause in activity produced by K Ca channels after a complex spike (Schmolesky et al., 2002) . This would accentuate an immediate drop in Purkinje neuron inhibitory output, believed important for rapid adjustments of cerebellar feedback (Robinson, 1976) . Second, over a longer timescale, the CDF-mediated boost and prolongation of Ca 2ϩ influx during complex spikes could intensify parallel-fiber long-term depression (LTD). In particular, somatic CDF would heighten Ca 2ϩ activation of nuclear transcription factors (Ahn et al., 1999) and support supralinear elevation of dendritic [Ca 2ϩ ] resulting from coincident local dendritic Ca 2ϩ release (Maeda et al., 1999) . Of related importance, the subcellular targeting of nonfacilitating EFb channels to dendrites (Fig. 5D ) may limit elevation of dendritic [Ca 2ϩ ] during parallel-fiber activation that lacks coincident climbing-fiber input, thus restricting inappropriate induction of LTD (Coesmans et al., 2004) . It is interesting that the developmental activation of CDF (Fig. 4C) occurs near the onset of cerebellardependent associative conditioning (Freeman and Nicholson, 2004) . Third, over an even longer timescale, CDF induced over multiple stimuli could activate gene transcription and remodeling (Bradley and Finkbeiner, 2002; Kirov et al., 2004; Konur and Ghosh, 2005) , perhaps contributing to pruning of multiple climbing-fiber innervations on single Purkinje neurons (Miyazaki et al., 2004) . Similarly, in the brain as a whole, the 2-3 week postnatal period features the onset of obvious pathology in ␣ 1 2.1 knock-out mice (Jun et al., 1999; Fletcher et al., 2001; Urbano et al., 2003; Miyazaki et al., 2004; Piedras-Renteria et al., 2004) , contemporaneous with overall upregulation of EFa channels (Vigues et al., 2002; Chaudhuri et al., 2004) . These considerations, with our experiments linking neuronal CDF and EFa channels, suggest that CaMmediated facilitation may be central to the neurobiological function of Ca V 2.1.
